Abstract. Transdermal delivery of therapeutic agents for cosmetic therapy is limited to small and lipophilic molecules by the stratum corneum barrier. Microneedle technology overcomes this barrier and offers a minimally invasive and painless route of administration. DermaRoller ® , a commercially available handheld device, has metal microneedles embedded on its surface which offers a means of microporation. We have characterized the microneedles and the microchannels created by these microneedles in a hairless rat model, using models with 370 and 770 μm long microneedles. Scanning electron microscopy was employed to study the geometry and dimensions of the metal microneedles. Dye binding studies, histological sectioning, and confocal microscopy were performed to characterize the created microchannels. Recovery of skin barrier function after poration was studied via transepidermal water loss (TEWL) measurements, and direct observation of the pore closure process was investigated via calcein imaging. Characterization studies indicate that 770 μm long metal microneedles with an average base width of 140 μm and a sharp tip with a radius of 4 μm effectively created microchannels in the skin with an average depth of 152.5±9.6 μm and a surface diameter of 70.7±9.9 μm. TEWL measurements indicated that skin regains it barrier function around 4 to 5 h after poration, for both 370 and 770 μm microneedles. However, direct observation of pore closure, by calcein imaging, indicated that pores closed by 12 h for 370 μm microneedles and by 18 h for 770 μm microneedles. Pore closure can be further delayed significantly under occluded conditions.
INTRODUCTION
Stratum corneum (SC), the outermost layer of the skin, obstructs foreign particles as well as hydrophilic compounds from entering the body. Several enhancement methods such as intraepidermal administration, iontophoresis, ultrasound, electroporation, chemical enhancers, and microneedles (MN) have been employed to overcome this barrier (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) and new minimally invasive techniques are continually being investigated. While chemical enhancers have been widely investigated for enhancing drug permeation levels, they tend to disrupt the lipid bilayers of the stratum corneum. Alternatively, physical enhancement methods have been used.
Microneedle technology offers a minimally invasive and painless route of drug administration (11) . This technology, which is currently being investigated by several research groups and companies, involves the creation of channels in the skin with micron-sized dimensions, thereby enabling the delivery of a broad range of therapeutic molecules including proteins which would not otherwise cross intact skin. Since microneedles have micron-sized dimensions, microporation and drug delivery is relatively painless (12, 13) and results in no significant skin damage. Possibility of irritation and infection is also minimal, as investigated and reported by Donnelly et al. (14) . Further, according to a recent study, the perception of this technology in patients and health care providers is positive (15) . Microneedle arrays can be fabricated from a wide range of materials such as silicon, glass, metals, and polymers and can be further incorporated into a patch or a device. DermaRoller ® (DR), a commercially available cosmetic handheld device, equipped with microneedles intended to be rolled on the skin, offers a means for breaching the stratum corneum barrier. It is currently used in the cosmetic industry to treat several skin conditions such as pigmentation problems, wrinkles, acne, burn-related scars, big pores, and is also a part of collagen induction therapy (16) (17) (18) (19) .
These devices are available in varying microneedle lengths (ranging from 0.13 to 1.5 mm), each specific for the nature of treatment it is being employed for. Recent studies with different types and lengths of microneedles have helped in proposing an ideal range of microneedle lengths for optimal, painless drug delivery. Henry et al. (20) reported an increase in human skin permeability up to a magnitude of 4 orders with the use of 150 μm long MN, which is on the lower side of the length scale. Microneedle lengths up to 750 μm have been reported to be painless upon administration (11, 13) . In this series of experiments, we have focused on a DermaRoller ® model with 770 μm long microneedles and characterized the microchannels created by the metal microneedles which can enhance delivery. For the first time, we have reported the dimensions of the microchannels created by these metal microneedles and the time taken for their closure, in a hairless rat model. Shorter microneedles, 370 μm in length (DR), were also employed to study the effect of microneedle length on pore closure. The effect of microneedle length on pore closure has not been previously reported to our knowledge.
MATERIALS AND METHODS

Materials
Two DermaRoller ® microneedle devices with 370 and 770 μm long microneedles were employed for these studies. Both models are equipped with 192 stainless steel microneedles stacked in eight rows, and the assembly is about 20 mm wide (provided by DERMAROLLER S.A.R. L., Friesenheim, France). Fluoresoft (0.35%) ® used in confocal and calcein imaging studies was obtained from Holles Laboratories Inc., Cohasset, MA, USA. Methylene blue dye, used in the dye binding studies, was obtained from Eastman Kodak Co, Rochester, NY, USA.
Male hairless rats, the animal model used for these studies, were obtained from Charles River Laboratories (Wilmington, MA, USA) and were housed in the Mercer University animal facility until use. All the animal studies were reviewed and approved by the Mercer University Institutional Animal Care and Use Committee.
Methods
Scanning Electron Microscopy
The dimensions and geometry of metal microneedles on the DermaRoller ® devices were studied using a Topcon (DS 130F) field emission scanning electron microscope (SEM). The head of the device was detached from the holder and placed in an Emscope SC500 sputter coater with gold target. The system was purged with Argon gas, and an approximate 12 nm thick layer of gold was sputter coated onto the sample. The sample was then placed in a field emission SEM at an accelerating voltage of 10 kV. Gold is a rich source of secondary electrons and the gold coating keeps the sample conductive and connected to the ground, aiding as a pathway for the electrons being bombarded on the sample by the laser beam. Secondary ion images were collected at different magnifications to study the dimensions and geometry of the needles.
Characterization of Microchannels Created by Metal Microneedles (770 μm)
Methylene blue staining was performed to check for creation of microchannels by the metal microneedles. Freshly excised full thickness skin was obtained by euthanizing hairless rats by carbon dioxide asphyxiation. Skin samples were placed flat on a stack of paper towels, and the desired treatment site was stretched with fingers before treatment with one pass of the device in order to overcome skin's inherent elastic nature which may hinder successful poration of microneedles and will also directly affect the depth to which microneedles can reach in the skin. Methylene blue dye (0.1%, w/v) was then applied for 1 min following which the site was cleaned with alcohol swabs and kimwipes. A 1 cm 2 area was measured and marked, and images were taken using a video microscope (ProScope HR). A similar procedure was repeated to check the number of microchannels created after treating the skin with 3×, 5×, 10×, and 15× passes of the device.
Histological sectioning was also performed to confirm creation of the microchannels. Excised full thickness hairless rat skin was treated with one pass of the device. A small area of the treated skin was cut and fixed in optical coherence tomography (OCT) compound medium. The blocks where instantly frozen using liquid nitrogen and were stored at −80°C until further analysis. Using a Leica CM1850 cryostat, 8 μm cryosections of the skin sample were cut and placed on a glass slide. Hematoxylin and eosin staining was performed to visualize the disruption of the stratum corneum at the sites where the microneedles penetrated the skin.
Confocal microscopy was then performed to characterize the dimensions of the created microchannels. Freshly excised full thickness skin was obtained and was treated with one pass of the device. The porated site was treated with 200 μL of 0.2 μm FluoSpheres ® (Invitrogen™, Carlsbad, CA, USA) for ∼1 min after which the site was blotted with kimwipes. A Zeiss Confocal laser microscope LSM410 (Goettinger, Germany) was employed at ×10 magnification and at an excitation wavelength of 488 nm. X-Z sectioning was performed to observe the permeation pattern of the fluorescent microparticles down the microchannels which would in turn indicate the depth of the created microchannels.
Assessment of Barrier Integrity as Indicated by Transepidermal Water Loss
Hairless rats were anesthetized using ketamine (70 mg/kg) and xylazine (10 mg/kg). A VapoMeter (Delfin Technologies Ltd, Kuopio, Finland) was used to measure the increase in transepidermal water loss (TEWL) after treatment with the device. The VapoMeter consists of sensors which measure the percent relative humidity and convert it to a value representative of TEWL. TEWL values were recorded as a function of number of passes of the device.
This technique was also employed to study the time taken by skin to regain its barrier function after poration. Both selected microneedling devices were employed to study the effect of microneedle length on time required for skin to regain its barrier function. An area on the abdomen was marked and base TEWL values were recorded which indicated intact skin. TEWL values were again recorded immediately after poration (five passes of DR) which served as controls, indicating perturbed skin barrier. TEWL values were further monitored continuously till they recovered to base values indicating recovery of skin barrier function. These studies were performed on three rats for each microneedle length, with readings taken from three sites on each rat. The data presented are an average (± SD) of the pattern seen for all the sites.
Calcein Imaging to Study Pore Uniformity and Pore Closure
Calcein imaging studies were performed to study the uniformity of the created microchannels. Hairless rats were anesthetized; an area on the abdomen was slightly stretched and was treated with the DR. Calcein (Fluoresoft-0.35% ® , Holles Laboratories, Inc., Cohasset, MA, USA), a fluorescent dye with excitation/emission wavelengths of 495/515 nm was applied to the treated site for ∼1 min. After application, the site was wiped with kimwipes and alcohol swabs to remove the excess dye. A fluorescent image was taken that shows the two-dimensional distribution of fluorescent intensity in and around each pore. The imaging system used by Kolli and Banga (21) was employed for these studies. It comprises of a digital camera (Canon, USA) fitted with a macro lens attached in front with a 525 nm long pass filter. The obtained fluorescent images were then analyzed using Fluoropore software, an image analysis tool, to measure the relative skin permeability. The software first calibrates each image with set standards based on the quality of the image. Next, the microchannels are selected individually, and the software converts the calcein intensity in and around each pore, based on the pixel density, into a value called the pore permeability index (PPI) which is representative of calcein flux for each pore.
Calcein imaging was also employed as the main technique to directly observe the pore closure process in skin treated with microneedles. Microneedle treated sites were imaged, as described above, at different time points after poration to study the time taken for pore closure. Effect of microneedle length on pore closure was also investigated by performing similar studies with 370 μm sized, shorter microneedles as well.
RESULTS AND DISCUSSION
Traditionally, chemical agents such as esters, azones, cyclodextrins, etc. have been employed in formulations as a means to alter the barrier properties of the stratum corneum layer of skin and aid in better permeation of the active agent. These permeation enhancers tend to disrupt the lipid structure of the SC layer, thereby causing damage which takes a long recovery time (22) . Physical enhancement techniques like iontophoresis, sonophoresis, and microdermabrasion overcome the stratum corneum barrier effectively. However, they have their own set of limitations. Application of iontophoresis for drug delivery is limited by the restriction on the size of the drug molecule can be administered by this technique (∼12 kDa). On the other hand, sonophoresis and microdermabrasion techniques are limited by their large equipment size. Microneedle technology overcomes all these limitations by creating micron-sized channels in the skin which can deliver even microparticles into/across skin without any irreversible damage and irritation issues.
In this series of experiments, we characterized the DermaRoller ® , a commercially available handheld device currently on the market for cosmetic applications, for use in topical and transdermal drug delivery. Scanning electron microscopy of both the DR models showed the conical shape of the microneedles embedded on the roller head (Fig. 1) . The longer microneedles have an average length of 770±75.6 μm, base width of 137.5±7.3 μm, and a tip radius of ∼4 μm, while the shorter microneedles have an average length of 376.4±8.9 μm and a base width of 118.8±6.7 μm, suggesting that these structures are comparable to the maltose microneedles which have are already been extensively characterized and employed for transdermal delivery of drugs (21, 23, 24) .
Dye binding studies were performed with methylene blue dye to visualize the formation of microchannels by longer microneedles and robustness of the device for repeated applications. Metal microneedles effectively penetrated the stratum corneum barrier and created microchannels in the skin. The areas of skin breached by microneedles took up the methylene blue dye whereas the rest of the skin remained (Fig. 2a) . The device created ∼16 microchannels per square centimeter with an average surface diameter of ∼70.7 ±9.9 μm. This pattern increased as a function of the number of passes of the device as can be seen in Fig. 3 . A similar microporation pattern has been reported for the model with 370 μm needles as well which creates 250 microchannels/cm 2 after 15 passes (16). This is a very useful property allowing flexibility in treatment with the same instrument. Multiple treatments with the same device may be ideal for enhanced delivery for different drug candidates, and since the microneedles are made of metal, the device can be easily sterilized and reused. To confirm breach of the stratum corneum barrier, cryosections of the treated skin were prepared as previously discussed, and hematoxylin and eosin staining was performed. The microneedles penetrated the skin beyond the stratum corneum barrier as indicated by the arrows in Fig. 2b . ® to study the depth of the created microchannels. Permeation pattern indicated depth of microchannels to be ∼140±20 μm Dimensions of the created microchannels were then investigated via confocal microscopy with micron-sized fluorescent particles. The permeation pattern of these microparticles along the microchannels would in turn indicate the depth of the created microchannels. The non-disrupted areas served as the control, and results revealed no fluorescence for the control area. In contrast, in the region of skin that was perturbed by the microneedles, FluoSpheres ® migrated down, along the microchannels, to an average depth of about 152.5±9.6 μm (Fig. 4) . Further, the diameter of the microchannels was also characterized as a function of the depth of penetration. The average diameter of the microchannels at the surface of the skin is about 70 μm. The surface diameter was also confirmed by analysis of methylene blue stained images using Screen Calipers, a digital measurement tool. The average diameter of the microchannels decreased as the depth of penetration increased (Fig. 5 ), which agrees with the conical shape of the microneedles. It is to be noted that microchannel depths are directly affected by skin's elasticity, application force, and person-to-person variability, and these aspects can be controlled for obtaining the desired microchannel depth.
While dye binding studies indicated the robustness of the device to create microchannels in a reproducible manner, uniformity of the created microchannels is desired as this will affect drug delivery. To assess this, calcein imaging was performed where drug and the fluorescent images were analyzed further to get a pore permeability value for each pore which is representative of calcein flux in and around each pore. Plotting a histogram of all the pore permeability values indicated the uniformity of the created pores (PPI 21; Fig. 6 ). This essentially implies that the created microchannels have similar surface dimensions, a feature that is desired for optimal delivery.
The degree of disruption of the skin barrier was also assessed by TEWL measurements. Skin, being an open system, has continual water loss from its surface. However, this water loss, termed the transepidermal water loss, is very minimal. When the stratum corneum barrier is disrupted, the amount of water loss from skin increases. Thus, a measurable difference from the baseline is indicative of disruption of the SC and is an indirect measure of increased permeability of the skin. Following treatment with 770 μm needles, TEWL values increased significantly and continued to increase as a function of the number of passes of the device. After 15 passes, TEWL increased from a base value of 10.23 to 28.55 g/m 2 h (Fig. 7) . This confirms that the same device can be used for repeated applications to enhance drug delivery even further.
The created microchannels, however, would eventually close reducing drug delivery. Even though the DermaRoller ® device has been used in cosmetic clinics extensively, the pore closure pattern for the microchannels created by these stainless steel microneedles has not been investigated. Therefore, following microporation, the time taken for skin to regain its barrier function and for complete pore closure was investigated by measuring the transepidermal water loss from treated sites and calcein imaging studies, respectively. The DermaRoller ® model with 370 μm long microneedles was also employed for these studies to further understand the effect of microneedle length on pore closure kinetics.
Immediately following microporation, transepidermal water loss increased significantly for both microneedle lengths (370 and 770 μm) indicating disruption of the skin barrier. In a study by another group, treatment with increasing lengths of microneedles on DR devices resulted in increased transepidermal water loss indicating increased the degree of disruption of the barrier (25) . (Fig. 8) . The TEWL recovery time for both microneedle lengths was similar (around 4 to 5 h) indicating that microneedle length (370 vs 770 μm) did not have an effect on the time required for skin to regain its barrier function. Statistical analysis (t test) of recovery data for both microneedle lengths indicated no difference in the profiles. The observed TEWL recovery pattern differs from results from another study with DR series where TEWL reached its maximal value at 1 h after poration and eventually decreased around 2 h for all MN lengths (25) . This restoration of barrier function, however, does not necessarily indicate complete pore closure where the superficial layers of skin (stratum corneum) have completely healed. From our understanding of the pore closure process from previous studies with soluble microneedles, we can safely conclude that even after restoration of the water gradient, delivery through skin can be enhanced until the time point when the superficial layers completely heal. Therefore, direct imaging studies appear to be more representative of the pore closure process as compared to TEWL data.
Calcein imaging studies were therefore performed for direct visualization of this pore closure process. Calcein dye used in these studies binds to only living cells which are exposed upon disruption of the skin barrier, thereby indicating presence or absence of pores. In skin sites treated with 770 μm long microneedles, complete pore closure did not occur until a much later point as compared to the TEWL recovery time. Pores closed completely by 18 h after poration (Fig. 9) . Calcein imaging studies with 370 μm sized microneedles indicated that complete pore closure occurred by 12 h after poration (Fig. 10) . While the observed, significantly shorter, time for closure of pores created by shorter microneedles is expected, it is interesting that microneedle length did not have an effect on barrier function recovery time, as monitored by TEWL. While microneedle length will directly affect the robustness of the microchannel creation process and their dimensions, it is also very important to consider this aspect for pore closure as it directly affects drug delivery. For example, drug delivery through skin treated with shorter microneedles may be significantly less as compared to that through longer needles due to the presence of open pores for a longer time.
The observed results are comparable to the pore closure pattern observed for microchannels created by soluble maltose microneedles (24) . Microchannels created by 500 μm long soluble maltose microneedles have been reported to close within 15 h of poration under non-occluded conditions, as compared to 18 h by the metal microneedles of similar length. While there is not a significant difference in pore closure times for the tested soluble vs metal microneedles, the studies with all three models of the DR series in separated epidermis and reported that immediately following microporation, microchannels had a pore size of 75, 125, and 180 μm for 150, 500, and 1,500 μm sized MN, as observed by SEM imaging. However, even in this in vitro condition, after 2 h of poration, pore sizes reduced dramatically to 15, 30, and 75 μm, respectively. Even though they speculate that the in vitro condition could have overestimated the pore size by 20%, the observed phenomenon indicates the significance of the role of skin's elasticity in resealing (25) . The role of skin's elasticity and other biomechanical properties can perhaps be directly investigated with new emerging techniques such as OCT which enables direct in vivo imaging of the microporation process (26) . It should also be noted that age, skin site, and application pressure will also play significant roles in pore closure kinetics.
Once the pore closure pattern has been established for a particular type of microneedles, if desired, pore closure can be further delayed by applying occlusive conditions. Occlusion in general has been known to delay barrier recovery (27) (28) (29) (30) . Hence, when clubbed with microneedle technology, it can result in a prolonged therapeutic window. In our previous studies, application of a water vapor-impermeable plastic film or a solution has been shown to decrease the rate of skin healing in soluble microneedles treated skin which delayed pore closure for up to 72 h (24). Gupta et al. have also reported that occlusion delayed pore closure in microneedle treated skin for up to 16-22 h (31) . Alternatively, application of agents such as coxinhibitors has also been reported to prolong pore closure for up to 7 days in guinea pigs (32) . This appealing flexible nature of microneedle technology has prominent implications for drug delivery as it offers the possibility of a multi-day wear patch which is effective enough to deliver drugs over a period of days and at the same time safe enough due to the reversible nature of microchannels which avoids any related infection and irritation issues. Microneedle technology can therefore be customized as required to broaden the scope of delivery for prolonged periods of time.
Overall, the DermaRoller ® offers a comparatively faster and reversible method than some other chemical and physical enhancement techniques and is highly patient and physician compliant. The stainless steel microneedles allow for multiple applications times (up to 100 times) when proper precautions are taken (16) . In addition, it has also been reported that needling triggers release of growth factors and collagen induction which could play a synergistic role with the therapy, in some cases. However, this may not be desired for other treatment conditions and care much be taken to counteract these processes, such as application of agents which may delay or inhibit collagen induction. More recently, the Derma-Stamp™ was also introduced which has lesser number of microneedles and is more suitable for treatment of small, localized areas. It can also be effectively used for delivering vaccines by coating the vaccine formulation onto the defined set of stainless steel microneedles.
CONCLUSIONS
Our pursuit for simple and effective treatments and devices for several cosmetic and therapeutic applications has been a continual process. Microneedles offer a simple, reproducible, and effective means for breaching the stratum corneum barrier which allows for topical and transdermal delivery of hydrophilic molecules. The DermaRoller ® device with metal microneedles is an easy to use handheld device which effectively creates microchannels and may provide an alternate means for skin microporation. The created microchannels are reversible in nature and close within a few hours of microporation; the time frame being dependent on the length of microneedles. This reversible nature of microchannels is very advantageous for controlled delivery of cosmetic agents/therapeutic compounds.
